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We study polarization dependence of the ultrafast optical response of a single Bi2Se3 crystal to
a powerful single-cycle terahertz pulse. Several phonon modes are coherently excited in a nonlinear
process, while one of them, having the E2g symmetry, demonstrates a very specific behavior during
first two picoseconds after excitation. Angular dependence of its frequency indicates coexistence
of two phonon modes characteristic of a nonequilibrium state with lower crystal symmetry. This
transient symmetry lowering relaxes with a characteristic time of ∼ 1 ps, that is close to the decay
time of the squared amplitude of the resonantly excited infrared-active E1u mode. We discuss
possible mechanisms of the dynamical splitting: nonlinear lattice deformation caused by the intense
E1u vibrations and excitation of anisotropic electronic distribution due to nonlinear electron-phonon
interaction. Our data also contain an evidence in favor of the sum-frequency Raman mechanism of
generation of the coherent E2g phonons in Bi2Se3.
I. INTRODUCTION
Resonant excitation of infrared-active phonon modes
by ultrashort laser pulses has recently emerged as a
unique tool for the ultrafast control of microscopic pro-
cesses in matter and for the investigation of exotic
nonequilibrium states [1–4]. In particular, it was shown
that dipole-active atomic vibrations can couple quadrati-
cally to the electron density of a solid [5–7]. This coupling
considerably changes the character of electron-electron
interaction provided the vibrations are driven by a strong
coherent field. Among the effects that originate from this
property are photoinduced superconductivity [8, 9] and
light-induced electronic phase transitions [10, 11]. An-
harmonic interactions of the highly-excited phonon mode
cause nonlinear lattice distortions, which can serve as a
way of directional control of the crystal structure [12–
18]. Via spin-lattice and spin-orbital interactions laser-
driven atomic motions affect magnetic degrees of freedom
in solids and can induce magnetic ordering and spin-state
transitions [19–21].
One of the materials that have recently attracted at-
tention in this respect is Bi2Se3. It belongs to the class
of bismuth and antimony chalcogenides, and, as several
other compounds from this group, Bi2Se3 is a topological
insulator. Such crystals possess unique electronic prop-
erties – their surfaces host Dirac electronic states with
linear dispersion and spin helicity [22, 23]. Moreover,
doped Bi2Se3 is now actively studied as a candidate for
bulk topological superconductor and demonstrates prop-
erties characteristic of a nematic superconductor [24, 25].
In addition, the crystal lattice of Bi2Se3 possesses specific
anharmonism that causes good thermoelectric properties
[26].
Far infrared spectra of moderately doped Bi2Se3 crys-
tals contain a relatively strong absorption peak that is
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not fully screened by the free carrier response and is due
to the IR-active E1u mode [27]. Its frequency lies near 2
THz and intense coherent excitation of this mode is pos-
sible using powerful THz pulses that can be generated in
this frequency range by well-established nonlinear opti-
cal techniques. Having in view the unique properties of
Bi2Se3 mentioned above it is of interest to study the ul-
trafast dynamics of such high-amplitude coherent vibra-
tional wavepackets and their interaction with electronic
and structural degrees of freedom of the crystal.
Recently several remarkable phenomena have already
been reported. Intense atomic E1u oscillations were found
to induce modulation of surface symmetry of a Bi2Se3
crystal [28]. In our previous work we observed coher-
ent nonlinear excitation of three Raman-active phonon
modes of Bi2Se3 by a THz pulse and interpreted it as a
result of anharmonic interaction with resonantly pumped
E1u mode [29]. An evidence was presented also that
surface-bulk electronic scattering is considerably inhib-
ited in Bi2Se3 via pumping the IR-active phonon mode
[30].
In the present work we report an observation of a short-
lived splitting of the E2g phonon mode of a Bi2Se3 crys-
tal after excitation by a powerful THz pulse. This phe-
nomenon reveals itself as appearance of two orthogonally
polarized components of the original mode with blue- and
red-shifted frequencies. The concomitant modification of
angular dependence of the coherent phonon amplitude
indicates lowering of the crystal symmetry and is accom-
panied by an anisotropic monotonic signal that we as-
cribe to nonequilibrium electrons excited via quadratic
coupling to the THz-driven E1u mode.
The observed effect represents a specific example of an
ultrafast structural transition induced by highly excited
vibrations. In the framework of our interpretation it also
bears an intriguing similarity to the physics of nematic
superconductivity in electron-doped Bi2Se3. In that case
the electronic order parameter (e.g. the superconducting
gap) demonstrates two-fold rotational symmetry below a
certain temperature and breaks the three-fold rotational
2symmetry of the crystal [24, 25, 31]. It is a matter of
debate, whether this transition is accompanied by lattice
distortion, and what could be the origin of this distor-
tion [25, 32–35]. The electronic nematicity is strongly
coupled to the lattice degrees of freedom and it was pro-
posed recently to enhance or suppress nematic order by
driving the Eu mode in the FeSe superconductor [36].
This approach, theoretically studied in [36] for a tetrag-
onal crystal, is somewhat analogous to the experimental
setting used in our work for trigonal Bi2Se3.
II. EXPERIMENTAL DETAILS
The sample that we studied in the experiments was a
single-crystal thin film of Bi2Se3 grown by the molecu-
lar beam epitaxy on the (111)-oriented BaF2 substrate
[37]. The film was covered by a layer of BaF2 in order to
protect it from ambient air. The thickness of both the
Bi2Se3 film and the BaF2 protective layer was ∼ 30 nm.
Nearly single-cycle terahertz pulses were generated in a
lithium niobate crystal in the process of optical rectifi-
cation of femtosecond laser pulses with tilted amplitude
fronts. The energy of pulses used for terahertz generation
was 1.5 mJ at 800 nm wavelength, while the repetition
rate was 1 kHz. This allowed us to obtain peak electric
fields up to ∼ 0.5 MV/cm in a focused terahertz beam.
Additional details of the setup can be found in our pre-
vious work [29].
Using weak 800 nm probe pulses with variable op-
tical path we detected ultrafast evolution of transmit-
tance and optical anisotropy of the Bi2Se3 sample upon
its excitation by a THz pulse. In order to measure
changes of transmittance an additional reference beam
was used. This beam was split from the probe beam
before the sample and guided directly to the photodi-
ode. The recorded experimental signal was ∆T/T =
1−(Ipr/Iref )on÷(Ipr/Iref )off , where Ipr and Iref are the
intensities of the probe and the reference pulses measured
by photodiodes and on/off subscripts denote opened and
closed pump THz beam. Optical anisotropy induced by
the pump THz pulse was measured using only one beam.
Before the sample it was polarized at 45◦ relative to
the vertical direction of the THz electric field. Passing
through the photoexcited Bi2Se3 crystal probe radiation
experienced small rotation of polarization that was de-
tected by splitting the probe beam into orthogonal po-
larization components and measuring their intensities Ix
and Iy. In this case the anisotropy signal was calculated
as 1 − (Ix/Iy)on ÷ (Ix/Iy)off . All experiments were per-
formed at room temperature and in nitrogen atmosphere.
The latter condition allowed minimization of distortion
of the THz pulse waveform.
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FIG. 1. (a) Anisotropy of transmittance at 800 nm induced
by the pump THz pulse as a function of time (solid curve).
Dashed curve – single-exponential fit of the monotonic com-
ponent. The inset shows the dependence of the amplitude of
the exponent on the amplitude of the E1u oscillations. The
solid line in the inset shows the parabolic fit y = ax2 (b) E1u
oscillations extracted from the signal in panel (a) (solid line)
and the fit by a damped cosine function (dashed line).
III. RESULTS AND DISCUSSION
The transmittance anisotropy signal induced by a THz
pulse with the peak electric field of ∼ 0.4 MV/cm is
shown in Fig. 1(a). The oscillating part of the signal
is caused by coherent atomic vibrations of different sym-
metry and was studied in detail in our previous work [29].
It was shown that the spectrum of oscillations contains
three peaks corresponding to E1g , E
1
u, and E
2
g phonon
modes of Bi2Se3. E
1
g oscillations are the weakest and are
indiscernible without signal analysis. The contribution of
the E2g mode is the largest, several times higher than that
of the E1u mode. Since their frequencies are related ap-
proximately as 2:1 (∼ 4 THz and ∼ 2 THz, respectively),
the observed signal represents apparent harmonic oscil-
lations with a period of ∼ 250 fs and a characteristic
amplitude modulation.
The infrared-active E1u mode is resonantly excited by
the THz pump pulse directly, while the Raman-active
E2g mode – via a nonlinear second-order process. In both
cases the excitation is coherent, making possible the de-
tection of atomic motion in a pump-probe experiment
3[38]. Unlike Raman modes, which modulate the index of
refraction of the bulk crystal, coherent E1u vibrations af-
fect only optical properties of the BaF2/Bi2Se3 interface
where the bulk symmetry breaks [29]. The anisotropic
oscillations of transmittance of the Bi2Se3 sample asso-
ciated with the E1u mode were extracted from the total
signal in Fig. 1(a) by spectral filtering and are shown in
Fig. 1(b) together with a fit by a damped cosine function.
The monotonic part of the transmittance anisotropy
signal is also rather uncommon. Monotonic (non-
oscillatory) relaxation of photoinduced changes of the
optical constants of semiconductors and metals usually
reflects relaxation of nonequilibrium electronic distribu-
tion created by an ultrashort pump pulse. If the ampli-
tude of a monotonic component is anisotropic relative to
the polarization of the probe pulse, it indicates transient
anisotropy of electronic density. If electronic properties
of the studied crystal surface are isotropic in equilibrium
this transient anisotropy is very short-lived with a typ-
ical decay time of less than 100 fs. Considerably longer
electronic isotropization is expected in specific situations
when electron-electron and electron-phonon interactions
are weak, e.g. in lightly doped or intrinsic semiconduc-
tors at low excitation densities and low temperatures or
in exotic cases such as nearly intrinsic graphene [39].
Bi2Se3 crystals usually have relatively large concentra-
tion of electrons (∼ 1019 cm−3 for our epitaxial films). If
in addition the sample is at room temperature and the
basal plane surface is excited and probed, one can expect
very fast relaxation of photoexcited anisotropy of elec-
tronic density and of the associated optical anisotropy.
Indeed, in the experiments, in which coherent phonons
in Bi2Se3 are excited by femtosecond near infrared laser
pulses [40], the non-oscillatory anisotropic response is
represented only by a coherent artifact signal that exists
only during temporal overlap of pump and probe pulses.
However, in our case of THz excitation the monotonic
component of the transmittance anisotropy signal is sur-
prisingly long-lived. As illustrated by Fig. 1(a) it can
be fitted with a single-exponential function of the form
A0 exp (−t/τ), where τ = 0.85± 0.15 ps.
A hint about the origin of this transient anisotropy can
be obtained by comparing its dynamics to the dynamics
of the coherent E1u vibrations. We have extracted the cor-
responding waveform from the signal shown in Fig. 1(a)
using spectral filtering and fitted it by a damped cosine
function Aph exp
−t/τph cos(νt + ϕ) (see Fig. 1(b)). The
characteristic decay time of the coherent phonon ampli-
tude is τph = 1.75± 0.15 ps, which is approximately two
times larger than the relaxation time τ of the monotonic
component of the optical anisotropy. Moreover, we per-
formed a series of measurements varying the strength of
the peak electric field of the pump THz pulse and ob-
tained a dependence of the amplitude of the monotonic
component A0 on the coherent E
1
u phonon amplitude
Aph. We have found that this dependence is quadratic
and can be relatively well fitted by a parabola y = ax2
that is illustrated by the inset to Fig. 1(a).
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FIG. 2. (a) Changes of transmittance at 800 nm induced
by the pump THz pulse as a function of time for vertical
(solid curve) and horizontal (dash-dotted curve) polarizations
of the probe pulse. The dotted curve is the difference between
these signals and its monotonic component is indicated by the
dashed line. The inset shows probe polarization dependence
of the amplitude of the latter. (b) Comparison of the initial
rise of the measured signals from panel (a) with the time-
integrated squared field of the THz pulse (shaded area). The
traces were smoothed in order to emphasize the monotonic
part.
The obtained relations τ ≈ τph/2 and A0 ∝ A
2
ph
make it natural to assume that the anisotropy of crystal
properties, which causes the observed transient optical
anisotropy, is rather short-lived (with decay time ≪ τ)
and is driven by the coherent E1u vibrations via some non-
linear second-order process. Here we consider two mecha-
nisms. The first one is quadratic coupling of the E1u mode
to the electronic density [5, 10, 36] that leads to the exci-
tation of anisotropic electronic distribution. The second
mechanism implies non-oscillatory atomic displacements
of E2g symmetry that are induced due to nonlinear inter-
action of E1u and E
2
g phonons via the anharmonic term
∝ Q2EuQEg in the lattice potential energy [14]. As we
show below, the transient anisotropic state of the Bi2Se3
crystal indeed is accompanied by structural distortion,
but the mechanism involving lattice nonlinearity is likely
to be ineffective in this case.
First, we have studied variation of A0 with the an-
gle of probe polarization. For that purpose we measured
changes of transmittance of the Bi2Se3 film induced by
the pump THz pulse. Decay traces obtained for vertical
and horizontal polarizations of the probe pulse are shown
in Fig. 2(a). As in the case of transmittance anisotropy
discussed above, these ∆T/T signals consist of mono-
tonic and oscillatory components. Temporal behavior of
the former is, however, more complex than in the previ-
ous case. The main contribution to the signal is provided
by the exponential relaxation with a characteristic time
of ∼ 2.3 ps. The amplitude of this exponent is almost
independent on the orientation of the probe polarization.
4It is thus natural to ascribe this isotropic decay to cooling
of electrons heated by the pump THz pulse. The cooling
occurs via interaction of hot thermalized electrons with
lattice and the characteristic time of several picoseconds
is typical for this process in metals. Such interpretation
and the observed relaxation rate are in agreement with
previous experiments, in which ultrafast electronic dy-
namics in Bi2Se3 films was studied using near-infrared
excitation [41].
The hot isotropic electronic distribution is created
within the duration of the THz pulse. The electric field of
the pulse accelerates electrons in the vicinity of the Fermi
level but the imparted momentum and energy is quickly
redistributed among the ensemble via electron-electron
and electron-phonon interactions. In this case the rise
of the corresponding optical signal should approximately
follow the function
∫ t
−∞
E2THz(τ)dτ , where ETHz is the
electric field of the pump pulse (by analogy with Joule
heating). As can be seen in Fig. 2(b), the initial trace
of the ∆T/T signal is qualitatively similar to the time-
integrated squared THz waveform if the probe pulse is
vertically polarized. At the same time the increase of
sample transmittance changes for horizontal probe po-
larization is considerably delayed. The delay is caused
by an additional negative contribution of the same ∼ 1
ps monotonic relaxation component that is observed in
the transmittance anisotropy signal. Indeed, the latter
is very similar to the difference between ∆T/T signals
recorded for orthogonal probe polarizations and shown
in Fig. 2(a). This similarity is natural since the trans-
mittance anisotropy is calculated using intensities of the
orthogonal polarization components of the 45◦-polarized
probe beam, the THz-induced variations of which are
much smaller than unity.
Relying on these observations, in order to find the de-
pendence of the amplitude of the faster component on
the probe polarization angle φ we assume it to be zero
if the probe pulse is vertically polarized (i.e. φ = ±90◦).
Then the corresponding ∆T/T signal was subtracted
from each of the traces measured at a set of angles
−90◦ < φ < +90◦ and the obtained differential sig-
nals were fitted using the same procedure as was ap-
plied above for the monotonic part of the transmittance
anisotropy signal. The obtained values are plotted in
the inset to Fig. 2(a) together with a ∝ cos2 φ function,
which fits the data relatively well.
Similar angular variations of ultrafast transmittance
changes can be observed in semiconductors, in which in-
terband electronic transitions are stimulated by a lin-
early polarized femtosecond laser pulse with a sufficiently
short duration. In particular, it was shown that in GaAs
[42] and graphene [43] this angular dependence is de-
scribed by a linear function of cos2 α, where α is the an-
gle between pump and probe polarizations (in our case
φ = 90◦ − α). This anisotropy is caused by a specific
symmetry of the matrix element of the dipole transi-
tion from valence to conduction band, due to which lin-
early polarized light preferentially excites electrons with
wavevectors perpendicular to the direction of its polar-
ization [43]. Via the combined action of this effect and
of the Pauli blocking the resulting anisotropic electronic
distribution reveals itself as anisotropy of photoinduced
changes of transmittance or reflectance of the crystal and
can be optically probed. Such “optical orientation” of
electronic momenta is in fact rather general for direct
band gap semiconductors and we suppose that the tran-
sient anisotropy of relative changes of transmittance of
the Bi2Se3 crystal observed in our measurements is an
indication of the short-lived anisotropic electronic distri-
bution.
Electronic anisotropy in Bi2Se3 that is characterized
by second angular harmonics (such as ∝ cos2 φ) is in-
compatible with the crystal symmetry and should induce
lattice distortion. This non-uniform distortion, however,
will itself cause optical anisotropy of the sample at least
through modification of the electronic density of states.
Thus, it could be rather difficult to separate contribu-
tions of these two effects measuring the ultrafast optical
response of the crystal. Nevertheless, below we analyze
the oscillating parts of ∆T/T signals and show that these
data provide a remarkable evidence of transient distor-
tion of the Bi2Se3 crystal that coexists with the coherent
E1u vibrations.
Figure 3(a) shows spectra of the ∆T/T transients mea-
sured using horizontally (φ = 0◦) and vertically (φ =
−90◦) polarized probe pulses. They contain two spec-
tral lines at ∼ 2.2 THz and ∼ 4 THz that correspond to
coherent atomic vibrations of A11g and E
2
g symmetry, re-
spectively. We calculated FFT spectra for a set of ∆T/T
traces measured for −90◦ < φ < +90◦ and obtained a
spectral map shown in Fig. 3(b). It was found that
the amplitude of A11g vibrations demonstrates a rather
weak dependence on φ, while the amplitude of E2g oscil-
lations is strongly modulated upon rotation of the probe
polarization showing a specific angular pattern. Spectral
positions and shapes of the lines also behave differently.
The position of the A11g line at 2.2 THz is almost indepen-
dent on φ, while the E2g line is shifted to lower frequencies
at φ = 0 and to higher frequencies at φ = ±90◦. This
shift is accompanied by the appearance of a wing from
the low and high frequency side of the line, respectively.
The A11g line also develops a wing, which, however, is
much broader and appears only if the probe polarization
is close to vertical (near φ = ±90◦).
In Fig. 3(c) and Fig. 3(d) shown are the spectra of
“truncated” ∆T/T signals, which contain experimental
points only for delay time values larger than 2 ps. These
spectra are characterized by a lower signal-to-noise ratio
than the original ones due to the damping of oscillations.
Nevertheless, they demonstrate well that the correspond-
ing spectral positions and profiles of both the 2.2 THz
and 4 THz spectral lines almost coincide at longer delay
times, when coherent atomic vibrations are unaffected
by primary transient processes. In this case there is
no pronounced spectral wings and the overall amplitude
and angular patterns look as expected for a pump-probe
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FIG. 3. (a) Fast Fourier transform spectra of the ∆T/T sig-
nals measured at φ = 0◦ and φ = −90◦. (b) Spectral map
obtained by stacking the FFT spectra calculated for a set of
angles of probe beam polarization from −90◦ to +90◦. (c),
(d) The same type of data for truncated ∆T/T signals, con-
taining experimental points only for t > 2 ps.
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FIG. 4. Dependence of the coherent phonon amplitudes on
the angle φ of the probe pulse polarization for full (a) and
truncated (b) ∆T/T signals. The amplitudes of E
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g components were obtained at frequencies of 3.8 and 4.3
THz, where the bands do not overlap.
measurement with excitation by a femtosecond pulse of
rather low intensity. In Fig. 4(b) we plotted angular
dependences of these “unperturbed” A11g and E
2
g ampli-
tudes extracted from the array of data shown in Fig.
3(d).
In the experiments, in which lattice dynamics is stud-
ied via Raman scattering of continuous wave laser light,
the observed polarization dependence of the intensity of
scattered light is associated with crystal symmetry using
the corresponding Raman tensor. After certain modi-
fications this approach can be applied to coherent lat-
tice vibrations excited and detected by ultrashort laser
pulses with a duration of less than the period of studied
phonon modes. Coherent atomic vibrations reveal them-
selves as periodic oscillations of optical constants of a
crystal through modulation of the optical susceptibility
χ. In the case of transmittance ∆T = ∂T∂χ
∂χ
∂QQ, where Q
is the atomic displacement coordinate [38]. The factor
∂χ
∂Q is the first order Raman tensor that defines a certain
dependence of the apparent amplitude of oscillations on
the angle of probe polarization φ, which can be eval-
uated as ~Et( ∂χ∂Q )
~Ei, where ~Ei and ~Et are the incident
and transmitted probe fields [44]. The in-plane Raman
tensors for the A11g and E
2
g modes of Bi2Se3 can be cho-
sen as
(
a 0
0 a
)
and
(
c 0
0 −c
)
, respectively [45], while both
probe field vectors are proportional to
(
cosφ
sinφ
)
. Thus,
coherent A11g and E
2
g phonon amplitudes should behave
as cos2 φ + sin2 φ and cos 2φ, respectively. Indeed, tak-
ing into account lower signal-to-noise ratio for truncated
signals, the observed variations of the A11g amplitude can
be considered as approximately isotropic, while the de-
pendence of the E2g amplitude on φ can be relatively well
fitted by a ∝ cos 2φ function (see Fig. 4(b)). This is in
agreement with previous studies of coherent phonons in
crystals with similar Raman tensors for A and E phonon
modes [46–48].
Polarization dependence of coherent phonon oscilla-
tions in the full ∆T/T traces demonstrates a different
behavior. As we noted above, in the case of the E2g mode
not only its amplitude but also spectral position and line
shape are strongly modulated by the variation of φ. This
behavior can be naturally explained if we suppose that
the Bi2Se3 crystal experiences a short-lived non-uniform
distortion, which is most pronounced during the first 2
ps after THz excitation. This distortion lowers the sym-
metry of the crystal and causes splitting of the phonon
modes with in-plane atomic displacements. In the case of
E2g mode two new modes appear instead of the original
one: E
2(−)
g and E
2(+)
g with lower and higher frequencies,
respectively. The frequency shifts are likely caused by
the fact that the distortion changes interatomic distances
and thus the bond stiffness. Since crystal symmetry is
lowered upon the distortion, the low- and high-frequency
components of the E2g mode cannot be classified as Eg
6modes. However, here we denote them as E
2(−)
g and
E
2(+)
g to emphasize their origin. We note that a very
similar behavior of an Eg mode was observed recently in
a MoS2 crystal with the same D3d symmetry as in Bi2Se3
under application of static stress [49]. In contrast to that
case in our experiments the distortion and the observed
frequency splitting are dynamic.
In order to evaluate the dependence of the E
2(−)
g and
E
2(+)
g amplitudes on φ we selected the columns of the
data array from Fig. 3(b) that correspond to frequencies
of 3.8 and 4.3 THz located in the low and high frequency
wings of the bands. The obtained angular patterns are
plotted in Fig. 4(a). It can be seen that these polar-
ization dependences do not follow the ∝ cos 2φ function
but are rather roughly proportional to cos2 φ and sin2 φ.
Taking into account the formalism used above to describe
anisotropy of detected coherent phonon amplitudes we
suppose that in order to generate such angular patterns
the in-plane Raman tensors of the E
2(±)
g modes should
have the form
(
a 0
0 b
)
, where a >> b or b >> a. The
crystal structure of an undistorted Bi2Se3 crystal is trig-
onal and the in-plane Raman tensor for Ag modes has
the form
(
a 0
0 a
)
. The first crystal system of a lower
symmetry, for which Raman tensors of A modes contain
non-equal diagonal elements is orthorhombic. Thus, we
can suppose that the symmetry of the observed short-
lived distorted state of Bi2Se3 is orthorhombic or lower.
The observed splitting of the E2g mode in the first 2
ps after excitation by the THz pulse implies a transient
character of the frequency shifts of the resulting com-
ponents E
2(±)
g and a dependence of their instantaneous
frequencies on time. In order to better visualize this ef-
fect we compare oscillations within the 4 THz line filtered
out of the two original ∆T/T traces measured with verti-
cally and horizontally polarized probe pulses. As follows
from Fig. 5(c) the oscillations are nearly in phase at zero
delay time but gradually the phase difference increases
and reaches maximum by ∼ 2 ps when the oscillations
are almost out of phase.
Additionally we performed short time Fourier trans-
form of the same two ∆T/T traces with the results shown
in Fig. 5(a) and Fig. 5(b). This procedure implies cal-
culation of fast Fourier transforms of sections of a mea-
sured trace contained within a window of a certain length,
which is translated along the trace. The series of spectra
obtained in such a way is then plotted in the form of a
map that illustrates temporal evolution of the spectral
lines. Here we used the Blackman window with the ac-
tual length of 1 ps and the corresponding shape-specific
length of ∼ 0.4 ps. The overlap of adjacent windows was
0.5 ps. This combination of parameters allowed us to
achieve an acceptable balance between the temporal and
spectral resolution.
The obtained spectral maps clearly demonstrate pi-
cosecond relaxation of positions of the E
2(−)
g and E
2(+)
g
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FIG. 5. (a), (b) Spectral maps showing temporal evolution of
the 4 THz band obtained applying short time Fourier trans-
form to ∆T/T signals measured with horizontal and vertical
probe polarization, respectively. (c) Oscillations within the 4
THz band filtered out from the same two traces. The inset il-
lustrates temporal variation of the instantaneous frequency of
E2g oscillations in the ∆T/T signal detected with horizontally
polarized probe pulse, and the phase shift between oscillations
shown in panel (c).
spectral lines towards “quasi-equilibrium” E2g frequency.
The initial instantaneous frequency of E
2(−)
g oscillations
detected with horizontally polarized probe pulses reaches
∼ 3.4 THz, while for the E
2(+)
g component measured with
vertical probe polarization it is roughly 4.5 THz. In the
latter case (Fig. 5(b)) the spectral map is distorted due
to the broad wing of the 2.2 THz line and it is difficult
to evaluate the character of frequency relaxation. How-
ever, in the case of horizontally polarized probe (Fig.
5(a)) the instantaneous maximum of the spectral line
demonstrates a distinct exponential-like behavior. We
have found that the corresponding set of points can be
relatively well fitted by a single exponential function with
a characteristic time of τ∆ν = 0.75± 0.08 ps. These data
are plotted in the inset to Fig. 5(c) together with the
values of time-varying phase shift of oscillating compo-
nents shown in the main panel. The evolution of the
phase shift is also exponential with a characteristic time
7of τ∆ϕ = 1.1 ± 0.15 ps. Thus, the characteristic relax-
ation time of the observed frequency splitting of the E2g
mode is the same (within experimental error) as that
of the monotonic anisotropic component (τ), while both
these values coincide with the decay time of the squared
coherent E1u phonon amplitude (τph/2).
In an attempt to explain this simultaneity we suppose
that the observed short-lived distortion of the Bi2Se3
crystal is caused by the nonequilibrium anisotropic elec-
tronic density, which in turn is induced via quadratic
coupling to the highly excited E1u mode. The equality
τ ≈ τph/2 is possible if the characteristic time of elec-
tronic anisotropy relaxation is much less than τ but not
too small in comparison with the half-period of E1u vibra-
tions (250 fs). An estimate of ∼ 100 fs is a realistic value
for the timescale of electronic isotropization in Bi2Se3. In
this case coherent E1u oscillations will sustain transient
electronic anisotropy and thereby the lattice distortion
as long as their squared amplitude is nonzero.
At the same time we believe that direct generation of
crystal distortion via nonlinear coupling of intense co-
herent E1u atomic vibrations with other lattice degrees
of freedom is unlikely for the following reasons. The
most efficient process is expected to be the coupling of E1u
and E2g modes via three-phonon interaction ∝ Q
2
Eu
QEg .
Since THz-excited E1u vibrations are coherent, this inter-
action should induce non-oscillatory directional displace-
ment of the atomic QEg coordinate or, in other words,
“rectification” of oscillations, using the optical analogy.
This displacement should in principle reveal itself in the
transient anisotropy response of Bi2Se3 as a picosecond
monotonic component. However, as we have shown in our
previous work [29] by modelling the E1u and E
2
g modes
as coupled classical oscillators, this directional displace-
ment is much smaller that the amplitude of coherent E2g
oscillations. Thus, the relation between amplitudes of the
corresponding monotonic and oscillating components of
the anisotropy response detected in a pump-probe mea-
surement should be the same since both are driven by the
QEg coordinate. In our experiments we observe the oppo-
site: the two amplitudes are comparable. Moreover, if the
QEg displacement was so large that it caused mode split-
ting, then the evolution of coherent E2g phonons would
be strongly nonlinear along the trace. However, a simple
damped oscillator response is observed after fast relax-
ation of the transient distortion.
Additionally, the polarization-resolved data that we
have obtained contain an evidence that the three-phonon
interaction ∝ Q2EuQEg in Bi2Se3 is in fact not an effec-
tive way of displacing the QEg coordinate. The observed
very specific dependence of the instantaneous frequency
of the coherent E2g vibrations on probe polarization and
time has a rather unexpected consequence. As men-
tioned above, E2g oscillations in traces measured with ver-
tically ((∆T/T )y) and horizontally ((∆T/T )x) polarized
probe pulses are initially in phase. Since THz-induced
changes of sample transmittance are rather small, it can
be shown using the formulae from experimental details
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FIG. 6. The upper solid curve is the ∆T/T trace measured
with horizontal probe polarization. The dashed curve indi-
cates its non-oscillating component. The middle curve is the
oscillating component of the ∆T/T trace above within the 4
THz band. The squared pump THz waveform is shown with
the dotted line. The bottom trace is the oscillating part of the
transmittance anisotropy signal. All curves were normalized
and translated appropriately for better clarity.
section that the transmittance anisotropy signal is very
close to (∆T/T )x − (∆T/T )y. Therefore, in phase oscil-
lations of transmittance will effectively cancel each other,
while the out of phase oscillations will be enhanced. This
peculiarity explains the delayed ∼ 1 ps growth of the ap-
parent amplitude of E2g oscillations in the transmittance
anisotropy response of Bi2Se3 to the THz pulse. This
effect is emphasized in Fig. 6, where we compare os-
cillating components of transmittance anisotropy and of
transmittance changes. Indeed, the delayed increase of
the coherent amplitude of E2g vibrations is clearly visi-
ble in the transient anisotropy signal. At the same time
oscillations in the ∆T/T trace start “immediately” with
a maximal amplitude, and this start is compatible with
the duration of the squared THz waveform. We note
that in our previous work [29] we considered the picosec-
ond growth of E2g amplitude as a key evidence in favor
of the lattice anharmonicity mechanism of the nonlinear
generation of coherent phonons in Bi2Se3. Therefore our
present data indicate that coherent THz excitation of at
least E2g phonon mode in Bi2Se3 is an impulsive process,
which is probably associated with the sum-frequency Ra-
man scattering [50].
IV. CONCLUSION
In conclusion, we have detected dynamical splitting of
the E2g phonon mode of a Bi2Se3 crystal pumped by a
powerful single-cycle terahertz pulse. The splitting is a
8result of transient lattice distortion that has a character-
istic relaxation time of ∼ 1 ps and reveals itself as appear-
ance of red- and blue-shifted frequency components of the
original E2g mode. The initial magnitude of the frequency
splitting is rather large and immediately after excita-
tion amounts to ∼ 25% of the equilibrium E2g frequency.
This ultrafast structural effect is accompanied by opti-
cal anisotropy of electronic origin, which has a two-fold
rotational symmetry. In order to interpret these obser-
vations we have supposed that the anisotropic electronic
density is generated through quadratic coupling with the
high-amplitude coherent E1u atomic vibrations. The non-
uniform lattice distortion is then a necessary rearrange-
ment of the crystal required to match the lower symme-
try of the excited state. The observed phenomenon is
the example of an ultrafast phase transition induced by
intense terahertz radiation via resonant excitation of an
infrared-active phonon mode. The manipulation of final
phases of the frequency splitted components via variation
of the pump THz pulse intensity can in principle be used
as a way to control the trajectory of atomic motion of
E2g symmetry. Our polarization resolved measurements
have also revealed that the nonlinear excitation of coher-
ent E2g phonons is in fact impulsive and can be probably
described as the sum-frequency Raman scattering.
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